Environmental context. Arsenic is a globally distributed element, occurring in various chemical forms with toxicities ranging from harmless to highly toxic. We examined sediment samples from Great Salt Lake, an extreme salt environment, and found a variety of organoarsenic species not previously recorded in nature. These new compounds are valuable pieces in the puzzle of how organisms detoxify arsenic, and in our understanding of the global arsenic cycle.
Lipid-soluble arsenic compounds (arsenolipids) are natural products found in many marine organisms. They contain arsenic bound into common lipids such as fatty acids (Rumpler et al. 2008; Sele et al. 2014) , hydrocarbons (Taleshi et al. 2008; Sele et al. 2014) , fatty alcohols (Amayo et al. 2013 ) and phospholipids (García-Salgado et al. 2012; Viczek et al. 2016; Yu et al. 2018 ). An intriguing addition to natural arsenolipids was recently found in the marine microalga Dunaliella tertiolecta (Glabonjat et al. 2017) . This organism contained an arsenosugar-phytol in which the arsenic is bound to a 2-Omethyl ribose moiety. A methoxy group in the 2-O-position of the ribose ring is a configuration found in major classes of ribonucleic acid (RNA) (Poole et al. 2000; Birkedal et al. 2015) , but has never before been reported for simple carbohydrates, an observation relevant to the hypothesised evolutionary link between RNA and DNA in early life's ancient metabolism (Poole et al. 2000; Rana and Ankri 2016; Glabonjat et al. 2017) . A second interesting aspect of the new arsenolipid is the etherbound phytyl group. Such ether linkages to isoprenoid hydrocarbons are characteristic for membrane lipids of Archaea; however, similar phytyl moieties are also found attached to chlorophylls anchoring them to the chloroplast membrane in photoautotrophs, including phytoplankton.
Guided by these two observations, we hypothesised that the new arsenosugar-phytol could be produced by planktonic algae or Archaea and might therefore be abundant in extreme environments rich in these two life forms. Here, we report an investigation using high-performance liquid chromatography (HPLC)-mass spectrometry to examine the arsenolipid content in sediments from Great Salt Lake (GSL), Utah, USA. Archaea are abundant components of GSL sediments (Tenchov et al. 2006; Boyd et al. 2017 ) and abundant halophilic algae, including Dunaliella species, have also been reported (Stephens 1973; Brock 1975; Meuser et al. 2013) .
Surface sediments (0-2 cm) were sampled from the GSL on 7-14 November 2010 from four locations ( Fig. 1) : GSL1, North Basin; GSL2, Gunnison Island; GSL3, South Shore; and GSL4, Farmington Bay. Details of the collection, storage and preparation of the samples are reported in Boyd et al. (2017) and further details relevant to the analyses in the current study are presented in the Supplementary Material. In brief, the lipids were extracted from lyophilised sediments by a modified Bligh and Dyer method using a mixture of dichloromethane/ methanol/aqueous buffer (2 Â phosphate buffer at pH 7.2; and 2 Â trichloroacetic acid at pH 2.0). The dry extracts were stored at À20 8C, and later redissolved in absolute ethanol (300 mL) before analysis by using HPLC-elemental mass spectrometry (inductively coupled plasma mass spectrometry, ICPMS), and HPLC-electrospray ionisation high-resolution mass spectrometry (HR-ESMS), following the method of Glabonjat et al. (2018) . An aliquot of the total lipid extract was analysed on a Bruker maXis Plus ultra-high-resolution quadrupole time-of-flight mass spectrometer coupled to a Dionex Ultimate 3000RS ultra-high-performance liquid chromatography system with an electrospray ionisation source after Woermer et al. (2013) .
All four sediment samples from GSL showed the presence of lipid-soluble arsenic (22-312 ng As g À1 extracted sediment) comprising many arsenolipids (Table 1 and Fig. 2 ). Five known (1-5) and three newly discovered (6-8) arsenic hydrocarbons (AsHCs), the main ones being the frequently reported AsHC332 (1) and AsHC360 (3), were present in all samples (see Fig. S1 in the Supplementary Material for structures of the eight AsHCs found). The major arsenolipids, however, comprised a group of 21 ether terpenoids containing an arsenosugar moiety, of which only one (phytyl 2-O-methylriboside 12) has previously been reported (Glabonjat et al. 2017; Glabonjat et al. 2018) . Structures for these compounds were assigned based on their mass spectral data as described below, and with analogy to naturally occurring non-arsenic terpenoids.
The various compounds separated well during chromatography ( Fig. 3 and Fig. S2 , Supplementary Material). They produced fragmentation patterns homologous to the pattern obtained for 12 (Fig. 4, Fig. S3 and Table S1 , Supplementary Material). In conjunction with the measured masses of the protonated molecular ions, [M þ H] þ , the various compounds could be assigned distinct molecular formulae. These data strongly indicated the presence of similar isoprenoyl 2-O-methylriboside moieties in 12 of the newly discovered arsenolipids; for another eight isoprenoyl compounds, the data corresponded to a non-methylated 'normal' riboside moiety. Although the identities of the lipophilic portions of the molecules could not be established by mass spectrometry, likely structures can be proposed (Fig. 5 ) based on naturally occurring non-arsenic lipids and what is known of phytol metabolism (Fig. 6 ) in aquatic systems (Rontani and Volkman 2003; Sturt et al. 2004; Rontani and Bonin 2011) . The mass spectral data for all compounds identified in the present study are shown in Table S2 (Supplementary Material); in all cases, the obtained molecular mass agreed with the calculated value to within 2 ppm or less.
The longest side chain we found in GSL sediments was equivalent to a phytyl moiety. A likely biosynthetic pathway towards the corresponding arsenolipid compound 12 was proposed by Glabonjat et al. (2018) , and comprises the substitution of methionine by dimethylarsinous acid in S-adenolsylmethionine, followed by 2-O-methylation of the riboside by methionine, hydrolytic adenine removal, and finally, condensation of the 2-O-methylriboside with phytyl diphosphate. Shorter side chains could be explained by v-hydroxylation with subsequent alcohol oxidation to the corresponding aldehyde (both intermediate products were detected in GSL samples; Figs 3-5 and Fig. S4 , Supplementary Material) and finally to carboxylic acid as previously described for phytanic acid (Xu et al. 2006 ). This v-terminal carboxylated isoprenoid can then undergo a-or b-oxidation (Jansen and Wanders 2006; Watkins et al. 2010) , as typically found in phytol degradation pathways (Fig. 6 ), resulting in shorter-C-chain products (e.g. pristanal, pristanic acid, phytone), which were also present in the sediment samples from GSL .
Quantification of arsenolipids can be performed when ICPMS is used as the detector for HPLC, but only when the compounds have been adequately separated. When many arsenolipids are present, as in these sediment samples, it is not possible to confidently quantify the individual compounds. Nevertheless, we were able to estimate that in the four sediment samples, compound 12, the phytyl 2-O-methyl arsenoriboside previously found in D. tertiolecta, accounted for 5-20 % of the total arsenolipids present. Despite traces of arsenic eluting in the region of arsenosugar phospholipids, neither these compounds nor their possible O-methyl-analogues could be detected by means of accurate mass measurements. The absence of these compounds in GSL sediment extracts can be explained by rapid degradation of arsenosugar phospholipids in microbial-rich sediment environments (Glabonjat et al. 2019 ). In the four GSL sediment samples, we determined concentrations of three major arsenolipids -two hydrocarbons, 1 (0.1-1.9 ng g
À1
) and 3 (0.9-4.4 ng g À1 ), and the phytyl 2-O-methylriboside, 12 (2.3-65.4 ng g À1 ) -based on reversed phase (RP) HPLC-ICPMS data. The two arsenic hydrocarbons, 1 and 3, were also quantified by means of RP-HPLC-HR-ESMS, after external calibration with standard compounds (Table 1) . Furthermore, we estimated the concentrations of all 21 arsenosugar terpenoids (9-29) and eight arsenic hydrocarbons (1-8) detected in the present study using the obtained HR-ESMS data based on the assumption that related compounds give a similar ESMS response (Table 1) .
We hypothesise the origin of the arsenolipids in these GSL sediments to be either halophilic Archaea or algae in the form of detritus derived from unicellular algae inhabiting the overlaying water column (Meuser et al. 2013 ). The arsenolipid abundance in the sediments with ether linkages and C 20 isoprenoidal hydrocarbon units intuitively suggest an archaeal origin because archaeal membrane lipids are composed of glycerol ethers and isoprenoids (Kates 1993; Angelini et al. 2012) . The ether linkages of Archaea impart greater stability to the lipids compared with glycerol esters and fatty acids, which are the major components of membrane lipids in Bacteria and Eukarya. In hypersaline environments, archaeal lipid contribution increases with increasing salinity (Tenchov et al. 2006) , and GSL sediments have been shown to host plentiful and diverse Archaea (Boyd et al. 2017; Baxter 2018) . However, one of the major arsenolipids in the sediments, the phytol derivative 12, has recently been identified in the unicellular alga D. tertiolecta (Glabonjat et al. 2017) , and Dunaliella species have been reported as abundant planktonic organisms in the overlaying water body of the GSL (Stephens 1973; Stephens and Gillespie 1976; Meuser et al. 2013) . Planktonic detritus, including detritus from Dunaliella species therefore represents an important source of organic material continuously depositing on the lake bottom. To provide further clues about the primary source of arsenolipids identified in the sediments, we determined the profile of normal lipids in the same sediment extracts. Although archaeal lipids were present in GSL sediments, lipids characteristic of unicellular algae (e.g. chloroplast lipids and betaine lipids) (Dembitsky 1996) were one to four orders of magnitude more abundant ( contained a significant proportion (10-18 %) of extended phytyl chains, i.e. isoprenoid hydrocarbons with 25 carbons, which are characteristic for halophilic Archaea (Fig. S5 , Supplementary Material) (Angelini et al. 2012) . Notably, the arsenolipids in GSL sediments contained only isoprenoidal hydrocarbons with 20 carbons or less, and arsenic analogues of archaeal lipids with isoprenoid hydrocarbons of 25 carbons were not found among the arsenolipids. We therefore find it more likely that the isoprenoidal arsenolipids, and other arsenolipids, in GSL sediments are primarily derived from Fig. 4 . Proposed fragmentation and tandem mass spectra of the eight major naturally occurring arsenolipids including the phytyl 2-O-methylriboside (12) and seven structurally similar compounds present in Great Salt Lake sample 1 (GSL1). The given m/z values are for [M þ H] þ precursor ions used for fragmentation at a normalised collision energy of 50. Fig. S3 (Supplementary Material) shows the MS/MS spectra of all 29 arsenolipids determined in GSL sediment extracts. Table S1 (Supplementary Material) provides an overview on the proposed fragments in their protonated forms.
halophilic algae such as Dunaliella spp. (Glabonjat et al. 2017 ). This interpretation is consistent with the suggestion by Rosenberg (1967) that galactolipids, necessary for full photosynthetic activity, form hydrophobic complexes through interactions of their double bonds with isoprenoid methyl groups in chlorophylls, carotenes and quinones, and thereby ensure appropriate spacing and molecular orientation necessary for photosynthetic reactions.
Whether the presence of the isoprenoid arsenolipids in these unicellular halotolerant algae reflects a detoxification response to elevated environmental arsenic concentrations or if the arsenolipids serve other purposes in these organisms remains to be determined. However, As is elevated in GSL, with recent studies reporting a mean annual concentration of 112 mg L À1 in filtered water from 24 sites sampled over a 14-year period (Adams et al. 2015) . Little variation in As concentrations was noted across sites, although a slight seasonal variation of As concentration was noted. This suggests that the organisms sampled in the present study were likely exposed to similar amounts of As. Further work is required to evaluate potential Fig. 5 . All 21 arsenosugar terpenoids found in Great Salt Lake sediment extracts. The structure of 12 (C 28 H 55 AsO 5 ) was previously elucidated in D. tertiolecta (Glabonjat et al. 2017) . The remaining structures were proposed based on comparison of mass spectral properties with those of 12, and structural similarities to non-arsenic-containing microbial lipids. Particularly the unsaturated phytyl 2-O-methylriboside analogue 11 (C 28 H 57 AsO 5 ) and its non-methylated ribose analogues 16 and 17 (C 27 H 55 AsO 5 and C 27 H 53 AsO 5 ) are biochemically very likely. For the remaining molecules, we show only one possible isomer of the lipophilic side chain, and for 9, 10, 13, 14, 18 and 19, a multitude of possible side chain structures (alcohols, aldehydes, esters, ketones, etc.) are possible (Fig. S4, Supplementary Material) .
links between the prevalence of arsenolipids in GSL sediments or waters and the availability of As.
In summary, we identified 29 arsenolipids including 23 new compounds in sediments from GSL, a hypersaline lake, thereby demonstrating the widespread abundance of arsenolipids, which were hitherto thought to be limited to marine ecosystems. Most of the new arsenic compounds contain isoprenoid chains and an ether bond, which are characteristics of membrane lipids from Archaea. Nevertheless, here we suggest that the primary source of the various arsenolipids in GSL sediments is most likely sedimented detritus of halotolerant phytoplankton, with only a minor contribution from the microbial community inhabiting the benthic sediments themselves.
Supplementary material
The supplementary material contains further details about sample collection, preparation and determination. Table S1 shows proposed MS/MS fragmentation products of arsenosugar isoprenoids present in GSL sediment extracts; Table S2 provides details on high resolution mass spectral data of all the 29 detected arsenolipids; Table S3 gives an overview on 'normal' (arsenic-free) membrane lipids present in the GSL sediment extracts; Fig. S1 shows structures of the eight detected AsHCs; Fig. S2 shows RP-HPLC-HR-ESMS chromatograms of all 29 arsenolipids detected in GSL sediment extracts; Fig. S3 shows high resolution fragmentation spectra of all 29 detected arsenolipids; Fig. S4 gives an overview on possible oxidised arsenosugar lipids; and Fig. S5 shows examples of detected 'normal' archaeal lipids determined in the GSL sediment extracts in this study.
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